This review summarizes recent information about immune responses in the intestinal mucosa, with emphasis on the role of orally-administered antigens from the external environment. The intestinal mucosa provides an extensive surface for potential absorption ofpathogenic environmental antigens, such as microbes, chemicals, and food. The intestinal mucosa is densely populated by IgA-producing plasma cells. The humoral immune responses to antigens in the intestinal mucosa are largely of the IgA class in secretory form (sIgA). This sIgA provides an immunological bamer to absorption of antigens on the mucosal epithelium and to penetration into the body. The cell-mediated immune mechanism is also equipped in the mucosal sites. In addition, the mucosal immune response induces hyporesponsiveness of nonmucosal (systemic) immune reactions, and the liver is an integral part of the mucosal immune system. Thus we consider that the mucosal immune system plays a central role in the maintenance of the homeostasis of the total immune system.
INTRODUCTION
The mucosal sites are the body's interface with the external environment, and the mucosal surface is exposed to a myriad of antigenic substances, such as microbes, chemicals, and food.
The intestine is richly populated with lymphoid tissues capable of initiating various immune reactions and, in striking contrast, inducing hyporesponsiveness of certain immunologic reactions in nonmucosal sites (34, 54, 59) . Contact between antigens and the mucosal immunologic apparatus initiates a diverse series of immunologic events, including the production of immunoglobulins of the IgA class (59) . These provide an immunologic barrier to foreign matter by preventing both absorption of such antigens by the mucosal epithelium and penetration into the body (1, 62). On the other hand, the humoral immune responses in nonmucosal sites are largely of the IgG class. Recently, the focus of research has been at the cell-mediated immune system on the mucosal sites. The cell-mediated immune mechanism in mucosal lymphoid organs is distinctly different from that in nonmucosal sites
The lymphoid cells in the mucosal sites recognize antigens and interact with one another and with nonlymphoid cells by releasing a variety of mediators, known as lymphokines (42). Columnar absorptive cells of the small intestinal vilIous epithelium have been shown to express Ia-antigens and to function as an antigen-presenting system (3, lo), thereby activating T cells directly at the mucosal surface of antigen entry.
Three categories of environmental contaminants affect the intestine: microbial agents, food substances, and toxic agents in the environment and in industrial products. Most ofthese contaminants must be capable of activating the immunological system, either by functioning as antigens or by inducing some autoallergic mechanism.
It has recently become apparent that the mucosal immune system plays an important role in the hostenvironment interaction and in the pathogenesis of certain diseases of mucosal and nonmucosal tissues. The immune system, for example, has e n o h o u s potential for harm if turned against itself or if it gets out 'of control. In this review we summarize recent information about immune responses in the intestinal mucosa, with emphasis on the role of orallyadministered antigens from the external environment.
IMMUNOLOGIC FUNCTION AND STRUCTURE OF

GUT-ASSOCIATED LYMPHOID TISSUES
Mucosal surfaces of the intestinal tract are Iined with absorptive columnar cells which overlie or-154 ganized structures within the submucosa, including lymphoid tissues. Gut-associated lymphoid tissue (GALT) consists of the organized lymphoid tissue, a diffuse collection of lymphocytes and plasma cells within the lamina propria, and lymphocytes within villous epithelial cells.
PEYER'S PATCHES Lyiiiphoepithelial Cell Layer over Peyer's Patches. The organized mucosal lymphoid tissues that comprise Peyer's patches and solitary lymphoid follicles are demarcated from the intestinal lumina by the lymphoepithelium (1 3). This consists of a single layer of specialized epithelial cells which are more cuboidal absorptive columnar cells and intermingled with specialized cells bearing only a few microvilli, known as M cells (43) . M cells are specialized to sample the antigenic materials in the luminal environment. Lymphocytes (mainly T lymphocytes) and dendritic nonlymphoid cells are abundant in the interepithelial spaces over Peyer's patches. Both M cells and dendritic nonlymphoid cells have been shown to express la antigen and to synthesize interleukin 1 (IL-1) (33, 65) . It is speculated that some intraepithelial lymphocytes receive antigenic materials from M cells and process them. Thus, antigen sampling by M cells appears to be the first step of the afferent limb of mucosal immune responses.
Dendric Ia-positive nonlymphoid cells, which in many respects resemble the interdigitating cells of the lymph node paracortex, are often seen directly underneath the M cells, within the lymphoepithelium and in contact with the surrounding T lymphocytes (65) . They are also identified in the reticular area immediately beneath the lymphoepithelial cell layer and in the T-dependent interfollicular area (33, 65) . They may form an antigen-presenting system in gut-associated lymphoid tissue, and be potent stimulatory cells in T-dependent immune responses.
Follicular Area aiid Geriziiiial Center. The Peyer's patches are an aggregation of lymphoid tissue lying in close apposition to the specialized epithelial layer already described. Each nodule can be divided into 4 zones: germinal center, follicular area, parafollicular area, and reticular area immediately beneath the epithelial layer. The magnitude of development of Peyer's patches appears to correlate in part with the degree of antigenic stimulation of intestinal mucosa (1 1, 29) . Primary follicles, composed of small lymphocytes without a germinal center, are found in the Peyer's patches of neonates and germfree animals. With stimulation by antigens in the intestinal lumina, germinal centers develop within the follicle. Together they comprise B lymphocyte areas. Craig and Cebra (12) showed that Peyer's patches contain a concentration of precursors for subsequent differentiation into mature IgA plasma cells. Antigen challenge and exposure to bacterial lipopolysaccharides, for example, are known to force B cells in the Peyer's patches to eventually develop into IgA plasma cells (22) .
The germinal centers are composed of large and medium-sized lymphocytes bearing IgM or IgA on their surfaces, with IgM and J chain in some scant endoplasmic reticulum (3 1 , 52). Considerable numbers of T cells of the helper phenotype coexist with B cells, and the processes of Ia-positive follicular dendritic cells are prominent in the germinal centers (20) . This suggests that the germinal center is the site of immune responses to the antigens in the intestinal lumina, and of class switching from IgM to IgA of the patch B cells (22) . Antigen-trapping by follicular dendritic cells and T cell regulation of B cell maturation have been well-documented (22, 50) .
Iiiterfollictilar Area aiid Lyiizphocyte Trat?ersiiig. The interfollicular areas form thymus-dependent areas analogous to the paracortex of lymph nodes. They also contain extensive capillary networks, including postcapillary venules (PCV) that are characterized by a unique, tall, endothelium through which lymphocytes and immunoblasts traverse (1 8).
Interfollicular areas are less densely-packed with small lymphocytes than is the follicular area. Large lymphocytes, plasma cells, and dendritic nonlymphoid cells are intermingled among small lymphocytes. The majority of lymphocytes are T'cells of the helper phenotype (38) , and some around PCV express IL-2 receptor. Ia-positive dendritic cells are found throughout this area, sending branches between T cells (26) . The PCV have been well-documented as the sites for traffic of recirculating lymphocytes (1 8).
The germinal center in Peyer's patch plays an important role in activation, proliferation, and heavy chain class switching during B cell responses (22) . These primed or activated B lymphoblasts migrate to the mesenteric lymph node via the thoracic duct to the general circulation, and repopulate the intestinal mucosa (24) . T lymphoblasts in Peyer's patches also have a migration pattern similar or identical to that described fof B cells (46) . Such organ specificity. of lymphocyte migration is determined largely by selective interaction of circulating lymphocytes with endothelial cells of PCV (47) .
We have recently made the interesting observation that the endothelial cells of PCV share antigens with a peripheral blood monocyte and macrophage subset. These are capable of presenting soluble antigens, triggering autologous mixed lymphocyte reaction, and inducing lymphokine production, associated with OK-M5, HLA-DR and IL-1, but not TOXICOLOGIC PATHOLOGY OK-M1 (35) . These surface antigens on the endothelium could be the factors responsible for the regulation of lymphocyte passage through the venules.
Iutestinal Villi and Lainitla Propria. Large numbers of lymphocytes, plasma cells, macrophages, and granulocytes, the classic cellular elements of chronic inflammatory exudate, are contained in the lamina propria. There is also a diffuse scattering of lymphocytes between the epithelial cells, where they are known as intraepithelial lymphocytes (14) . To some extent, these cells are considerably influenced by both food and microbial antigens.
Interestingly, these cells are scanty in germfree animals. The study of germfree mice and rats over the period of conventionalization reveals that exposure of adult animals to conventional intestinal microbial flora results in prompt and potent immune responses (1 1,29) . By the end of the third or fourth week of conventionalization, these animals have structures and immunocyte distribution in intestinal villi and Peyer's patches that resemble those of adult conventional animals ( Fig. 1 ). In man, although the presence of considerable numbers of lymphocytes and plasma cells in the lamina propria of the intestine is regarded as normal, these cells increase in number after antigenic trauma and infectious diseases (1 9). There is general agreement that inflammatory bowel diseases, such as Crohn's disease and ulcerative colitis, have increased numbers of chronic cellular infiltrates.
Mononuclear cells in the lamina propria consist of a mixed population of T cells and IgA plasma cells (29, 30) . A majority of T cells there express the helper phenotype, whereas those of intraepithelial lymphocytes are T cells that express the suppressor/ cytotoxic phenotype, but not Ia antigen. Intraepithelial lymphocytes from the rat exhibit both natural cytotoxicity and antibody-dependent cellular cytotoxicity (ADCC) (15) . Also, in man, large granular lymphocytes have been identified between columnar crypt cells by immunohistochemical studies (49) . There are no detectable Ia-positive dendritic cells between the epithelial cells (1 9,36). T cells identified in the lamina propria have been shown to exhibit ADCC, natural killer activity, major histocompatibility complex (MHC)-restricted cytotoxicity, and delayed hypersensitivity (40) . Columnar absorptive cells of the small intestinal villi, however, have been shown to express Ia antigen (3,lO) and to synthesize IL-1 (33) . This means that the essential components for the activation of Ia-restricted T cells are also present there. We hypothesize that the columnar epithelium of the small intestine may function as an antigen-presenting and T cell activation system, in place of the Ia-positive dendritic cells shown in the Peyer's patch. In addition, the expression on enterocytes of Ia antigens may contribute to the ability of infected cells and neoplastic cells in the small intestine to be destroyed in MHC-restricted cytotoxicity.
TRANSPORT MECHANISM OF IGA AT THE MUCOSAL SURFACE It has been well-documented that IgA is the major immunoglobulin of intestinal secretion, and that it is of great significance to antibody-mediated defense at the intestinal mucosa. The molecular form of IgA in external fluid, secretory IgA (sIgA), is different from that of IgA in the circulation (4, 60) . sIgA consists mainly of dimeric molecules in complex with the J chain, whereas serum IgA is in the monomeric form. Human IgA occurs in multiple forms, specified by variations in the primary structure of the constant regions of the a-chains. These include two subclasses, IgAl and IgA2 (27) . Moreover, sIgA of both classes possesses an additional glycoprotein called secretory component (SC) (Fig. 2) . The transport mechanism of sIgA in the intestinal fluid was investigated in several immunohistochemical studies (5, 7, 32) . The dimeric IgA-containing J chain produces IgA plasma cells in the lamina propria of the intestinal mucosa. It is then bound to the SC on the basolateral plasma membranes of columnar crypt cells in which SC is synthesized, and is transported as sIgA through the cells by an endocytic process ( Fig. 3) . Immunoelectron microscopic studies revealed that the IgA bound to SC (sIgA) is internalized in endocytic vesicles on the basolateral surface, and is transported through the cells to their apical surfaces, where the sIgA is released to the exterior ( Fig. 4) (7, 32) .
Liver also actively transports sIgA into bile (25, 37, 57) ; this serves in a protective role by delivering a high concentration of sIgA in bile to the lumen of the intestine. The mechanism of this transport has been explored by several investigators, whose results consistently implicate the SC of sIgA as being essential for efficient transport of IgA (37, 51, 56). In man, we found evidence for synthesis of SC and transport of IgA by epithelial cells of biliary ductules (37), whereas in rodents, study of hepatocytes dem-.onstrated translocation of IgA through the liver (5 1 , 56). It has also been reported that dimeric IgA antibody-antigen complexes (6, 44) are also transported by the rat liver and other excretory organs, such as salivary glands, from plasma to bile via the SC-mediated mechanism, as shown in intestinal columnar crypt cells (5, 7, 32) . It is assumed that the high titers of antibodies to food and microbial antigens in patients with IgA deficiency result from failure of such immune exclusion by the liver (40) . It is also possible, however, that they lack the ca- (c, d) in the jejunal mucosa of adult conventional and germfree rats. In the conventional rats lymphoid follicles of Peyer's patches are well-developed, and IgA plasma cells are abundant in the lamina propria (a). Numerous T cells are also present both in the lamina propria and between the epithelial cells (c). In germfree rats, however, IgA plasma cells and T cells are scanty, and lymphoid follicles are smaller and lack germinal centers (G) @, d). Human IgA consists of multiple forms specified by variations in the primary structure of the constant regions of a-chains. This includes two subclasses, IgAl and IgA2. In IgA2, the deletion of 13 amino acids is in the hinge region of the a-chains (*). sIgA of both classes consists of 2 molecules of the IgA linked by a J chain in complex with the secretory component (SC). pacity to develop oral tolerance because of a defective IgA-mediated immune response (54) (see below).
FUNC~ION OF SIGA IN INTESTINE
As stated by Tomasi and Plaut (59), the mucosal immune system is part of a comprehensive local systemic defense mechanism, sIgA plays a major role in this by disposing of microbial and dietary antigens and preventing them from entering the blood, thereby forming a barrier between the intestinal lumen and the tissues of the intestines. Im-munologic functions of sIgA in the gut will be considered under 3 categories: antigen exclusion, antimicrobial functions, and participation in cellmediated immunity.
It is well-established that sIgA is an immune barrier, reducing the absorption of potentially allergic and autoantigenic immunologic material from the intestinal tract after oral immunization by the relevant antigen. That is, oral immunization or administration reduces the amount of specific antigen concomitant with a condition of systemic tolerance, but has no effect on noncrossreacting protein. The process of antigen absorption and its inhibition by IgA . antibody has been extensively studied by Walker and colleagues (63). Their conclusions are supported by the additional clinical evidence that IgA-deficient individuals may be exposed to more antigenic substances, and that sensitization in atopic persons may occur by allowing potential allergens access to the systemic immune system. This occurs either early in life when the secretory immune system is immature, or in conditions of IgA deficiency (8, 57) .
The antimicrobial functions of IgA have also been well-documented. Adherence to the epithelium is an essential first step in the process of microbial infection in the gut. sIgA in the mucosal surface may inhibit adhesion, thereby preventing the initial col- In addition, IgA is capable of mediating T cell cytotoxic reactions against certain bacteria and tumor cells (41, 55) . The presence of Fc receptor on T cells has been reported in mice and man; it may play a role with IgA in ADCC or other immunoregulatory activities. The phenomenon of immunological anergy or tolerance resulting from the introduction of antigens via the gastrointestinal tract may be profoundly important to the defense mechanism of the host. Richman and colleagues (45) reported that immunological tolerance to certain orally administered antigens is, at least in certain circumstances, an antigen-specific T-suppressor cell-mediated reaction. (6, 23, 37) . Dimeric IgA (dIgA) synthesized by plasma cells in the intestinal lamina propria and antigens accidentally absorbed by the intestinal mucosa (1) are transported to the liver via portal circulation (2). These antigens complex to the dimeric IgA in the portal circulation (dIgA-IC). In the liver (3), both TgA and dIgA-IC bind to SC on the plasma membrane of biliary epithelial cells to form SIgA and sIgA-IC, followed by SC-mediated endocytosis and transcellular transport (39. Then sIgA and sIgA-IC are released into bile (5) and enter the duodenum. Some dIgA and dIgA-IC enter the systemic circulation (4) and, in hepatobiliary disorder, sIgA and sIgA-IC are regurgitated into the circulation (47. liver and the mucosal immune system. In rats, biliary sIgA is transported through hepatocytes from circulation by the SC-mediated mechanism (5 1 , 56), as shown in intestinal columnar crypt epithelial cells. In man, however, we found that translocation of sIgA in the liver occurs only across biliary epithelial cells ( Fig. 5) (37) .
The liver can also remove antigens from the circulation in the form of IgA-immune complexes by the SC-mediated mechanism (44). This is a unique, non-inflammatory mechanism for the disposal of antigens, distinct from the phagocyte-mediated mechanisms that clear conventional complexes. Furthermore, the liver is known as an important phagocytic organ. The hepatic sinusoidal phagocytes, Kupffer cells, take up intestinally derived antigens from portal circulation (20) . The relationship between the intestine and the liver in IgA immune responses is schematically depicted in Fig. 6 .
The liver is also known to be an important factor in oral tolerance. Food and microbial antigens in the portal circulation have been shown to induce specific unresponsiveness, and the phagocytic function of Kupffer cells supposedly plays an important role in the induction of suppressor responses (58) . Endotoxins in the circulation, for example, are phagocytosed and detoxified by the liver, and reticuloendothelial blockade renders experimental animals very susceptible to endotoxin shock (17) . Thus, diseases of the hepatobiliary system may significantly disrupt these pathways, leading to an accumulation of antigens and immune complexes in the circulation. This may activate a cascade ofimmunemediated inflammatory reactions that occasionally result in tissue damage.
In alcoholic liver disease and in chronic viral hepatitis, a markedly increased amount of IgA is present on the sinusoidal surface of hepatocytes, endothelial cells, and Kupffer cells, even though no SC is present in these cells (21, 28, 39, 61) . The IgA found on the sinusoidal surface and in some pinocytic vesicles along the plasma membranes of hepatocytes is mainly polymeric IgAl in complex with the J chain. IgA2 is exclusively localized in the lysosomes of Kupffer cells and sinusoidal endothelial cells (28, 61) . We have proven that IgA internalized by hepatocytes and Kupffer cells in man is not being transported to bile, but rather is destined to be degraded (28) . This finding contrasts with IgA that is associated with biliary epithelial cells, as previously mentioned. We have proposed that it is possible that bound IgA in the human liver has pathogenic significance, mediating antibody-dependent T cell cytotoxicity.
Recently we demonstrated that hepatic sinusoidal endothelial cells carry antigens with a peripheral blood monocyte-macrophage subset (30). The endothelial cells show membrane staining for HLA-DR and OK-M5, and synthesize IL-1. This suggests that they are capable of presenting soluble antigens, triggering autologous mixed lymphocyte reactions, inducing immunoregulatory protein synthesis by hepatocytes, and inducing lymphokine production. Thus, they may play an important role in immune response or regulation in the liver (23) . 
